Cells are capable of cytoskeleton remodeling in response to environmental cues at the plasma membrane. The propensity to remodel in response to a mechanical stimulus is reflected in part by the lifetime of the membrane-cytoskeleton bonds upon application of a tensile loading rate. We measure the lifetime and force to rupture membrane-cytoskeleton linkages of a head and neck squamous cell carcinoma (HNSCC) cell line, HN-31 by applying a tensile loading rate (< 60 pN/s) with a handle bound to a cell, while monitoring the displacement of the handle at 2 kHz after averaging. We observe the lifetime increases with loading rate, to a maximum after which it decreases with further increase in . This biphasic relationship appears insensitive to drugs that target microtubule assembly, but is no longer detectable, i.e., lifetime is independent of in cells with reduced active Rho-GTPases. The loading rate-time relationship resembles catch-slip behavior reported upon applying tensile loads to separate protein complexes. Under small loads the bonds catch to increase lifetimes, under larger loads their lifetime shortens and they dissociate in a slip-like manner. Our data conforms to a model that considers the membrane-cytoskeleton bonds exhibit a load-dependent conformational change and dissociate via two pathways. We also find the membrane-cytoskeleton linkages strengthen with stationary compressive load, (| | < 40 pN), and conclude this metastatic cell line responds to small mechanical stimuli by promoting cytoskeleton remodeling as evident by observing F-actin within the membrane nanotube (10 µm length) formed after bond rupture.
Introduction
Non-covalent bonds between two binding proteins break and form stochastically (energy per bond < ~10 1 ), and this dynamic behavior is considered crucial for their biological activity. The rate at which these bonds form and break depends upon the magnitude of the activation energy barrier 2, 3 that separates the bonded (A-B) from the un-bonded state 4 (A, B) and is affected by temperature, viscosity of the medium, and external force. These theories were initially developed to describe the kinetics of chemical reactions occurring within gases or liquids and were later applied to model dissociation of proteins in vitro or in situ 5 (i.e., within the cytoplasm of cells or between cells). Bell modelled bond rupture as cells are pulled apart by an applied tensile force where it was predicted that the applied tensile force should increase the off-rate, (shortens the lifetime of bonds) by reducing the activation energy barrier, i.e., = = where is the Boltzmann constant, is the absolute temperature, is the unstressed off-rate, is the applied force, is the energy barrier distance and = is the thermal force scale for a single bond and for bonds 5 (refer to Table S1 for list of all abbreviations). Indeed, experiments performed to break a range of non-covalent bonds with different techniques, flow chamber 6 , atomic force microscopy 7 (AFM), optical tweezers This was demonstrated for interactions of integrin with intercellular adhesion molecule 1 (ICAM-1) 10 and L-selectin or E-selectin with P-selectin glycoprotein ligand 1 (PSGL-1) 11, 12 .
In contrast to the intuitive Bell model for how load affects the lifetime of bonds, Dembo theorized that certain bonds may be strengthened by application of a tensile load to exhibit lifetimes that increase with a tensile load. This non-intuitive conjecture led him to coin them catch bonds 13 . Experimental evidence for the existence of catch bonds was demonstrated when Escherichia Coli (E. Coli) were found to be more firmly attached to red blood cells (RBCs) at high shear stress. In this example, the receptor on E. Coli is an adhesin (FimH) and the ligand on the RBC is a sugar (i.e., mannose) of a glycoprotein 14 .
Further experimental evidence for catch behavior was reported for the bond between another adhesion molecule P-selectin and its ligand, PSGL-1 in single molecule in vitro studies with AFM 15 when used in force clamp mode. They found these bonds stabilize and have prolonged lifetimes with increasing load, i.e., they are catch-like until a threshold after which they destabilize and exhibit shortened lifetimes, i.e., become slip-like. They coined this transition catch-slip, where maximal lifetime is measured at the catch-slip transition and is 1.1 s for P-selectin and PSGL-1 15 . Similar single molecule experiments performed between FimH and its ligand, mannose also show the catch-slip transition with a longer maximum lifetime of ~25 s 16 . More recently catch behavior was observed when breaking bonds between other cell-adhesion proteins and their ligands. They were detected between integrin and fibronectin with AFM 17 and between integrin expressed on a neutrophil and ICAM-1 with a BFP 18 . The maximal lifetimes of these bonds were 1-3 s. Catch bonds were also observed upon separating two monomeric E-cadherins that make up a dimer where the maximal lifetime of this bond was much less at 70 ms 19 .
Cytoskeletal motor proteins are also found to exhibit catch-like behavior [20] [21] [22] [23] . Catch bonds were detected between F-actin and myosin II 20 and between F-actin and myosin 1b 21 . In both cases their maximum lifetimes are up to 25 ms. Catch-slip behavior was also detected upon separating monomeric G-actin from an F-actin filament to exhibit a maximum lifetime of 1 s 22 . A catch bond with a significantly longer lifetime of 50 minutes was reported between kinetochore and microtubules 23 . These observations of catch bonds in cytoskeletal motor proteins and cell surface receptors reveal a common theme that the functional role of these bonds is to support a load or transmit a force 24 .
Although most observations of catch bonds are with reconstituted purified systems in vitro,
Chen et al. detected catch bonds on a living cell; they formed bonds between extracellular domains of integrins expressed on the membrane of Jurkat cells and their ligands
(expressed on the BFP probe) and observed catch behavior upon application of a tensile force on these bonds 18 . Despite evidence that cytoskeletal proteins (e.g., F-actin 22 , myosin II 20 , myosin 1b 21 , and microtubules 23 ) can form catch bonds, there are no reports demonstrating catch behavior within the cytoskeleton assemblies of a living cell. One report measured the force to rupture the membrane-cytoskeleton bonds of neutrophils under very high tensile loading rate (250 to 38,000 pN/s) with BFP, but only found evidence for Bell-like bonds 25 .
We utilize a similar technique 26 to determine the lifetime of membrane-cytoskeleton bonds at the edge of a cancer cell. ) by measuring the force to form a membrane nanotube or tether from the cell. These studies suggest that the major contribution to forming a nanotube from cells was overcoming adhesion energy -i.e., breaking the bonds between the membrane and cytoskeleton. In these studies, the force was reported at slow rates 29, [31] [32] [33] [34] (< 100 Hz) and the adhesion energies were estimated from this force. The time course of this force was not reported making it difficult to infer kinetics of the membrane-cytoskeleton bonds. In the presented work, we break the plasma membrane-cytoskeleton bonds of a cell and monitor both the force and the time course of the force with a resolution limited by the corner frequency of our instrument at 2.1 ms 26 .
The experiments are performed with HN-31 cancer cells: a head and neck squamous cell carcinoma (HNSCC) cell line 35 that exhibits a wide range of mutations 36 including mutated
TP53

37
and an H-ras mutation 38 that results in persistently-active Rho-GTPases. We apply a constant loading rate to rupture the bonds and detect a biphasic time-loading rate relationship. This biphasic relationship resembles catch-slip behavior suggesting that membrane-cytoskeleton bonds in these cells can stabilize and increase their lifetimes up to a threshold loading rate. Various models [39] [40] [41] attribute this catching behavior to a loaddependent conformational change that precedes the dissociation event; we adapt a model 39 to describe this biphasic time-loading rate relationship. 
Materials and Methods
Cell Culture
Physiological Saline Solution
Buffered saline contains (in mM) 150 NaCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 2.8 KOH.
The pH and osmolality of the solution are adjusted to 7.2 and 300 mOsm Kg -1 by adding NaOH and glucose, respectively. All force measurements are performed and completed within an hour of replacing the culture media with buffered saline.
Drug Treatments
Nocodazole (EMD Chemicals, Inc., San Diego, CA) dissolved in DMSO (Calbiochem, San Diego, CA) is added at a final concentration of 15 µM to disrupt microtubules 42 .
Latrunculin A (AdipoGen, San Diego, CA) dissolved in DMSO is added at a final concentration of 1.7 µM to inhibit the polymerization of actin 43 . Both drugs or the solvent DMSO are added to the buffered saline within the Petri dish at least 20 minutes prior to an experiment, and remain in the solution for the duration of an experiment, i.e., 40 min. C.
difficile Toxin B (List Biological Laboratories, Inc., Campbell, CA) at a concentration 200 ng/ml was used to non-specifically inhibit Rho-GTPases. As inhibition of Rho-GTPases with Toxin B is not reversible 44 cells were incubated with the drug in serum-free media for 2 hours for the pull-down assay and force measurements or they were incubated for 4 hours for pull-down assay. The force measurements were then performed in buffered saline.
Fluorescence Microscopy
We 
RhoA GTPase Pull-down Assay
Reduction in RhoA-GTPase activity is assessed after 2 and 4 hours of treatment with Toxin B with the RhoA Pull-down Activation Assay Biochem Kit (Cytoskeleton, Inc.).
The assay utilizes agarose beads bound to effector domain Rhotekin-RBD to pull-down the active GTP-bound form of RhoA-GTPase. We follow the protocol described by the manufacturer to determine reduction in RhoA-GTPase activity after drug treatment. 
Optical Tweezers
A custom built optical tweezers is used. The instrumentation, calibration and noise determination have been reported in detail 26 . We only describe the main features. The optical tweezers is formed with a continuous wave Ti-sapphire laser (3900S, SpectraPhysics, Santa Clara, CA) tuned to 830 nm and pumped by a 532 nm solid-state frequency- The instrument is calibrated with a variation of the drag force method 26 . At the laser power employed for the experiments (0.130 W at objective), the typical corner frequency is ~470
Hz which results in a stiffness of 0.116 pN/nm (±0.011 pN/nm) at the height of the trapped bead above the dish (9.88 ± 0.04 µm), the radius of bead (2.13 ± 0.02 µm) and the viscosity of buffered saline (0.920 mNsm -2 ).
Data conditioning and analysis
The voltage outputs of the QPD are , and the sum (Ʃ);
and carry positional information of the bead and the third channel, the Ʃ contains the intensity information. The signal is averaged hundred-fold post collection to result in a sampling frequency of 2 kHz.
Further processing is performed with custom written MATLAB (from vR2011b, The
Mathworks, Natick, MA) scripts. We check the Ʃ to find whether there are artifacts in the signal due to floating beads entering the illuminated area, when found this data is discarded.
To calculate the displacement of the bead ( , ) we translate the voltage output from the QPD to nm. This requires executing three steps. (i) The Ʃ decreases with time due to photo-bleaching of the bead. To correct for photo-bleaching we fit the sum to a polynomial of order two and divide the and the signals with this quadratic fit to the Ʃ.
(ii) The method we use to convert these displacements from normalized voltage in V/V to nm has been described 26 . Briefly, the trapped bead is displaced with the AODs predetermined distances (i.e., -800, -500, +500 and +800 nm) in the direction, and the output from the QPD is measured for each distance. We then determine the linear slope (V/V/nm) between the bead displacement and normalized voltage. (iii) To determine the displacement ( ) in nm during an experiment we divide the normalized voltage signal (V/V) determined in (i) with . We then plot versus time for the first 10 s of the experiment when no force is acting on the bead (i.e., should be zero). A small offset is usually observed due to the initial position of the bead being slightly off center of the QPD.
To correct the offset, we determine the mean for the first 5 s and subtract it from for the entire recording. The force on the bead is the product of final and . We determine the noise in the data for each experiment by fitting the position vector ( , ) to a Rayleigh ( ) and uniform ( ) distribution as described 26 . The scale factor of the Rayleigh distribution is ~22 nm (up to 32 nm with one TLED lamp) at 2 kHz. Deviation of the angle from the uniform distribution indicates the presence of an external force. Uniform distribution is observed when the bead separates from the plasma membrane and can move in all directions due to the absence of force.
Results and Discussion
Determination of the lifetime, force to rupture and loading rate
At the beginning of the experiment, the cell attached to a dish is placed approximately 20 µm apart from an optically trapped bead as shown in Figure 1A and 
Loading rate, depends upon the stationary compressive load ( )
We found the measured loading rate varies from 13 to 55 pN/s among experiments and that this range is partly explainable by the magnitude of the stationary compressive force upon approach, ( This dependence of the loading rate on the compressive force can be explained if we assume the membrane-cytoskeleton bonds are in series with the probe and behave as Hookean springs 47 with stiffness: and ( Figure 3B ). Force balance dictates that the force on the trapped bead, ( ) is equalized by the force on the bonds:
where ( ) and ( ) are extensions of the bonds and the probe at time . When the bonds are stretched at velocity , geometry dictates that the total distance moved at time is the sum of the displacement of the bead ( ) and extension of the membrane-cytoskeleton
Solving E. 2 and E. 3 for ( ) and equating the expressions, the force acting on the membrane-cytoskeleton bonds is then
where the force acting on the bonds at ≡ and ≡ is
Subtracting E. 4b from E. 4c and rearranging noting that the measured loading rate, ≡ then = + . → E. 5
Substituting E. 5 into E.1 we find
is calculated from the ratio of the measured and nominal ( = ) loading rates 25 by rearranging E. 5
. → E. 7
and found to vary from 0.02 to 0.39 pN/nm with mean: 0.162 ± 0.109 pN/nm. Because
and are approximately constant among experiments then E.6 suggests should increase as becomes more negative which is observed ( Figure S1 ). This observation suggests the local regions of the cell react to applied compressive loads by increasing number of bonds or strengthening membrane-cytoskeleton bonds. Assuming a contact radius of 100 -300 nm (see section 3.6) during compression, the mean local pressure on the membranecytoskeleton is ~50 -450 Pa, which is at least two-fold less than the compressive pressure found within native tumor microenvironment 48 (~770 Pa). This suggests the membranecytoskeleton bonds of HN-31 cells are mechanosensitive [49] [50] [51] and can change their properties upon application of pressures or loads. This shows should be restricted to minimize its effect on ,; we note that was restricted to ≤ -10 pN in experiments conducted with neutrophils 25 , which would limit the increase in the loading rate to ≤ 20%, assuming both cells respond in a similar manner to the applied compressive load. shows that tensile loading rates up to the threshold stabilize membrane-cytoskeleton bonds,
i.e. making them more difficult to separate while larger loading rates destabilize the same bonds.
The plot of ̅ as a function of ∆ is shown in Figure 4C . 
Membrane-cytoskeleton bonds depend upon F-actin integrity and active concentration of Rho-GTPases
F-actin is the predominant cytoskeletal protein in cells 52 and is linked albeit not directly to the plasma membrane of cells. It is expected that drug treatments that inhibit polymerization of G-actin or promote depolymerization of F-actin should affect the membrane cytoskeleton bonds as reported 25 .
To confirm this, we repeat the above experiments after treating the cells with an F-actin disrupting agent, Latrunculin A, as Figure 5A ). The other half of the recordings exhibit a similar short increase but they are then followed by further non-monotonic rise in the force with time like the example shown in Figure 5B , where the lifetime of the initial rise is 0.6 s and is 30.7 pN/s. The first group exhibits similar characteristics to that described by Evans et al., 25 for Latrunculin A-treated neutrophils, i.e. the derivative of the force-time plot is decreasing with time to exhibit plastic-like behavior (cf. untreated). In their case, they suggest that this increase in force does not represent bond rupture but deformation of the membrane before it transitions to form a nanotube. They did not report examples as per our second group ( Figure 5B ). We suggest the reason for the slow and non-monotonic rise in the force before a nanotube is formed is due to presence of structures (e.g.: blebs or ruffles) that might diminish the membrane reservoir 53 . Blebs were observed at the base of the formed nanotube in some experiments.
The increase in force is slower compared to untreated cells and like Evans et al. bound Rho-GTPases to produce a linkage [56] [57] [58] (e.g., F-actin/ABP/Rho-GTPase/membrane).
Because Rho-GTPases regulate ABPs that bind F-actin to the membrane (e.g.: ERM proteins 55, 59 ) and participate in complexes that directly link F-actin to the plasma membrane, we target them by use of Clostridium difficile Toxin B, a Rho-GTPase inhibitor.
Toxin B is a monoglucosyltransferase that inactivates the Rho family GTPases (e.g. Rho,
Rac and Cdc42) by catalyzing the monoglucosylation at either threonine 37 (Rho) or threonine 35 (Rac, Cdc42) 60 . These amino acids are part of the effector loop, i.e., the region on the Rho-GTPase that can bind proteins 61 when the Rho-GTPase is in its active (GTP bound) state. Glucosylated Rho-GTPase, however, accumulates at the membrane in its GTP-bound form and is unable to cycle between the membrane and cytoplasm because it is unresponsive to GTP activating protein (GAP) and cannot be extracted by guanosine nucleotide dissociation inhibitor-1 (GDI-1) 62 .
We determined the efficacy of Toxin B on these cells by measuring the reduction in active RhoA-GTPase levels by a pull-down assay and found it reduced RhoA-GTPase activation by ~27 ± 12 % after 2 hours of treatment and by ~56 ± 22 % after 4 hours ( Figure 6A Figure 6C ). We employed the 2 hour treatment for the rupture experiments.
The force-time curves exhibit the same three patterns depicted for untreated cells in Figure   2 and we show two of them in Figure 7A (Fig 7C, Top) . Bonds that exhibit lifetimes independent of the load were observed between two cadherin monomers 19 .
for Toxin B-treated cells at 0.066 ± 0.056 pN/nm is on average 2.5-fold lower than for untreated cells. This value is perhaps not surprising because activated Rho-GTPase is necessary to target F-actin to the membrane [56] [57] [58] and our data (compare Figures 3 and 4 with Figures S2C and 7 , and values of ) suggests that it facilitates the formation of stiffer linkages that are capable of a mechanosensitive response. This assumes the measured decrease in active RhoA (cf. 27 ± 12 %, Figure 6 ) is comparable for the other Rho-GTPase proteins present in this cell 38 . The absence of the mechanosensitive response in Toxin Btreated cells leads us to suggest that the linkages are different than present in the untreated cells.
In contrast, disruption of tubulin polymerization by Nocodazole, seems to have no significant effect on the local stiffness determined to be 0.135 ± 0.09 pN/nm or their ability to respond to external compressive loads ( Figure S2A ) and tensile loading rates (Figure 3 Middle Panels). We first determined whether Nocodazole effectively disrupted the The lifetimes of the bonds show an unusual dependence on the tensile loading rate, they increase at low loading rates up to a threshold and shorten at higher loading rates. The former is akin to catch-like behavior while the latter mimics slip-like behavior of catchslip bonds as observed in many single molecule experiments [14] [15] [16] [17] [20] [21] [22] [23] . 
Catch-slip model for bond rupture upon application of a tensile loading rate
A kinetic scheme is shown in Figure 8 . Consider that a cytoskeletal and membrane protein complex is present in either state 1 (B1) or state 2 (B2) and that it can transition between these states or dissociate via two separate pathways to produce two states (U1 and U2) of the unbound cytoskeletal protein and one of the unbound membrane protein which then equilibrate. (Note the kinetic scheme is also valid with one conformation of the unbound cytoskeletal protein and two conformations of the unbound membrane protein). We assume conformation B2 is more stable and the interaction with the membrane protein is stronger, hence it exhibits lower off-rates in absence of load (i.e., ≪ ). Therefore, unbinding occurs by first transitioning from state B2 to state B1 despite the equilibrium favoring state B2 (see E. 13, = ≫ 1). Hence in the absence of a tensile load the cytoskeletal-membrane-protein complex dissociates via state B1 to produce the separated membrane and separated cytoskeleton.
In our experiments, we apply a constant loading rate ( ). This tensile loading rate favors state B2 and increases the population of complexes in state B2 (relative to unloaded condition) while decreasing the number in state B1. At low loading rates ( ≤ 34.5 pN/s) the complex continues to dissociate primarily via state B1, but due to reduction of population in state B1 with increase in , a catch-like decrease in off-rate (or increase in bond lifetime) is observed. At higher loading rates ( ≥ 34.5 pN/s), the probability of finding the complex in state B1 is ≈ 0 and the bond starts dissociating from state B2 via a typical slip-like pathway. After bond dissociation via this pathway the unbound products reach equilibrium independent of the load. Based upon this scheme we now describe the model mathematically where we explicitly assume that the conformational transition between two bound states (B1 and B2) is much faster (µs time scale) than bond dissociation (> ms time scale). There is evidence for this for small proteins [64] [65] [66] like Rho-GTPases (size ~21 kDa) and G-actin (size ~42 kDa). We also assume that dissociation is irreversible on the time scale, i.e. there is no rebinding as this should be small under a tensile loading rate.
We first consider the equilibrium of the complexes between the two putative states B1 and B2.
Let ( , ) and ( , ) be the probability that the bound complex is either in states B1 and B2 then we can write
Because we assume the conformational transition between the two bound states is much faster than bond dissociation then at long times equivalent to time scale of experiment we write , = , . → E. 9
Rearranging and assuming the bonds are Bell-like Making use of E. 8 and E. 11 the probability of finding the complex in either state is:
As we assume equilibrium favors state B2 then ≫ 1 and E.12 becomes
Assuming there is no rebinding the net dissociation rate of the bonds is the weighted average of the dissociation rates corresponding to each state and the probabilities of being in that state, = , + , → E. 14 where = and = with unstressed rate constants and and barrier distances and . Note the tensile loading rate promotes both dissociation reactions hence barrier distances have the same sign.
Substituting E. 13 into E. 14 then
The lifetime ( ) of the bonds is then ≡ .
The six parameters obtained by fitting reciprocal of E. 15 to experimental Δ as a function of show that ≡ 0.0009 and ≡ 0.4417, which implies ≪ , therefore we exclude from E. 15 and re-fit the experimental data with only five unknown terms
to find the parameters remain unchanged (grey dashed line, Figure 4 , Table 1 ). This shows the only depends upon the barrier distances for the conformational transition between B1 and B2.
We determine these parameters by comparing E. 16 with E. 17 for the catch-like pathway and the slip-like pathway (Table 1 , columns 5, 6, 10 and 11) for untreated HN-31 cells (Table 1 , row 1). We find that treatment with Nocodazole (Table 1, and hence would be difficult to experimentally detect. We note that our biphasic relationship was observed at low loading rates (< 60 pN/s) which allowed bonds to rupture fractionally ( Figure 2C , Figure 7B ).
Nanotube formation force, plateau force and evidence that F-actin grows within the lumen of the formed nanotubes
The onset of nanotube formation is determined from the last membrane-cytoskeleton bond rupture event 25 ; following it the force then stabilizes to a plateau value ( Figures 1D and 2) .
We divide the formation force into two groups: overshoots where the force either goes past and then drops (Figure 2A and 2C) or non-overshoots where the force stabilizes ( Figure   1D and Figure 2B and Figure 7 ) to a constant plateau value, . We find the median (mean) and standard deviation of the force to form a single nanotube for the overshoots and nonovershoots is 54 (62) ± 15 (8) Koster et al. 76 showed for membrane vesicles that the force barrier for the formation of a membrane nanotube increased linearly with the area the force is exerted on. Pontes et al. 34 demonstrated this with NIH3T3 fibroblasts by showing the ratio ≡ 5.6 was dependent on the ratio between radius of formed nanotube and radius of contact area between bead and cell (coined the patch radius). We find the ratio is smaller at 1-1.5 which suggests that if E. 16 of Pontes et al. is valid, the contact patch area is two to three-fold greater than nanotube radius, i.e., for nanotube radius of 50 -100 nm 34, 74, 77 the patch radius is predicted to be 100 -300 nm. We do find as shown for many different cell lines 34, 75 that membrane nanotubes formed from HN-31 cells contain F-actin ( Figure 9B ). The samples were fixed < 1 minute after the onset of the tensile load ( Figure 1 ) and this represent a time scale comparable to our force experiments. We previously suggested that membrane nanotubes are F-actin filled to explain sawtooths (transient rise in force followed by decay) that rode above a stationary value 46 .
In that report we hypothesized the sawtooth transients arose from depolymerization and polymerization of F-actin that pulled and pushed the membrane. We observed similar sawtooths in HN-31 cells 26 and they have also been reported in neurons 78 and HeLa cells 79 . We also detect inverse sawtooths, i.e. a transient decay in force followed by a rise 80 and suggest that F-actin present in the nanotube ( Figure   9B ) polymerizes at the tip of the nanotube to push the membrane forward resulting in a decay in the force. We detect inverse sawtooths especially once the applied load is removed but in two experiments also during nanotube extension, between 10 and 20 seconds after Pull (Start). 
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(ii) a slip-like dissociation at high loading rates (B2 to U2), i.e. followed by equilibration between products. The rate constants for each step are shown and are: and for transitioning between B1 and B2; and for dissociation and rebinding between B1 to U1; and for dissociation and rebinding between B2 to U2. We assume the two unbound states U1 and U2 are in rapid equilibrium and denote this by a load-independent equilibrium constant ( ). All other rate constants are assumed to be load-dependent. Green arrow indicates favors tensile load. 
